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I. INTRODUCTION
Bistable current waveforms resembling a random telegraph signal (RTS) were reported over 30 years ago.! Since then there have been numerous publications 2 .-7 on such effects, usually caned burst noise, in forward and reverse biased diodes, bipolar junction transistors (BJTs), and optical isolators. R TS-type waveforms have also been observed in the drain current of junction field-effect transistors (JFETs)8 and insulated gate field-effect transistors (MOSFETs).9-11
The origin of RTS currents has been attributed to various physical mechanisms. The studies of avalanche diodes suggested that they are caused by microplasmas 12 associated with dislocations in the crystal. RTS waveforms in bipolar transistors were attributed to dislocations or crystallographic defects,4 generation-recombination (G-R) centers in association with metallic precipitates,13 or extensive defects near to the surface of the junction. I> It has been estabJi~hed8 that R TS drain currents in JFETs are caused by single point defects in the silicon. RTS currents in MOSFETs are attributed to charge state transitions at traps in the oxide 9 -11 very close to the Si interface.
The increasing interest in these phenomena stems from recent evidence that RTS currents are the main components of low-frequency noise in IFETs s and MOSFETs. 10. 14 McWhorter l5 proposed that iow-frequency noise in a MOS-FET can be derived by summing the R TS currents caused by individual traps at the oxide interface. An understanding of the physical mechanisms responsible for R TS current modulations is essential for the formulation and interpretation of noise in these devices using McWhorter's model. Studies of RTS currents also provide a unique opportunity to obtain a detailed understanding of the behavior of individual electrically active point defects (traps). There are many common features in the experimental data reported in the literature. We summarize these and our extensive studies in BITs, MOSFETs, and JFETs in Sec. II where the general characteristics of R TS currents and their dependence on the bias conditions and temperature are described. These results lead to the conclusion that RTS currents in most Si devices are generated by traps in the 5i or near the Si-Si0 2 interface.
The elements ofa physical model for RTS current generation in semiconductor devices are outlined in Sec. III. In Sec. IV we discuss the nature of bulk defects in silicon and of interface states and traps within the oxide. We consider the parameters which determine the mean times between charge state transitions at these defects.
The model for RTS currents is expanded in Sec. V and amplitudes are derived by using Ramo's theorem 16 and extensions. [17] [18] [19] The dependence of the characteristics of RTS waveforms on the location and properties of the trap and on the device parameters including temperature are discussed.
Although it is not possible to ascertain the exact location and characteristics of an individual trap, it is shown that detailed studies of RTS currents and low-frequency noise as a function of an parameters, especially temperature, can yield some of the properties of the trap and indicate its approximate location at least in one dimension.
In Sec. VI we discuss the model with reference to the experimental data in Sec. n and present detailed results of our recent studies which validate the basis oftne model. The verification of some aspects of the model is only possible by establishing the limiting values of certain RTS characierlstics as a function of parameters and not the specific characteristics due to a particular trap. Correlation phenomena and anomalies arc discussed in Sec. vn.
II. GENERAL CHARACTERISTICS OF RTS CURRENTS A. Discovery rate
Almost all published data indicate that RTS currents are mostly seen in devices of small dimensions 9 .!O.20 when they are operated at low mean currents. Although larger devices also exhibit the phenomena, the levels of thermal noise and superposition of many RTS waveforms with a wide range of amplitUdes and characteristic times make it difficult to observe them. Among large-area devices R TS waveforms are seen more often in JFETs and BJTs which have little residual low-frequency noise. They are observed more frequently in the base current of BJTs with a high h fl. than in forward biased diodes at similar junction currents. We find that more devices of a specified type, as identified by a type number, are seen to exhibit the phenomena if the observations are extended over a wide range of temperature, bias, and characteristic times. A short inspection at a fixed set of conditions might yield a discovery rate of 1 % or less but a wider ranging study may well increase this to 10% or more. RTS drain currents are seen in virtu.ally every MOS-FET with a gate width of about 1 pm or less. Repeated cycling of temperature and other parameters does not normally result in a change in the R TS characteristics but we have seen two notable instances over the past 7 years when a permanent change of characteristic occurred during a cycled multiparameter run.
B. Amplitudes
Individual RTS waveforms show a stable amplitUde under fixed conditions. In junction devices the amplitUde often increases monotonically with bias current over a limited range. In forward biased junctions, particularly base currents in BJTs, the amplitude is often proportional to the mean current, and therefore exponentially related to the bias voltage. The dependence of the amplitude on temperature occurs indirectly through the dependence of the bi.as current on the temperature. At or near room temperature we have seen amplitudes ranging from 0.5 fA to 100 pA in reverse biased diodes and gates of JFETs and up to a saturation value of about 200 nA in base currents of BJTs.
The amplitude ofR TS drain current in a JFET is almost independent of gate bias but increases with drain voltage up to pinchoif. 8 We have seen a wide range of amplitUdes up to about 10 nA in JFETs with a nominal gate length of 4 /lm. The maximum observed amplitude is independent of gate width up to a few 100 f.Lm beyond which the RTS is not discernable above thermal noise. It may be noted that these devices have a much larger gate area than MOSFETs,9-1l point contact diodes,l tunnel devices,2!l and BJTs in which R TS currents have been observed. In the studies of MOSFETs !!l.ll at low drain voltage and current it has been observed that the amplitude is a fixed fraction of the mean current as the bias and temperature are varied. This has also been observed in small tunnel junctions.
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C. Characteristic times
For a fixed operating condition there is a random distribution of the dwell times in each of the two states. Experimental limitations favor the detection ofRTS modulation in which the two characteristic times th and t l , the mean dwell times at the higher and lower current levels, respectively, are nearly equal. We have carried out measurements ofth and t{ as a function of device parameters and operating conditions in which the ratio between the two times is as large as a few 100.
The characteristic times observed in the drain current of JFETs range from some hundreds of microseconds to about 1 s. The observable limits are set by experimental difficulties arising from other fluctuations in the drain current. The shortest times can be studied more easily ifthe device is operated at a low current when the drain current noise is small.
We have seen characteristic times in the base current of BJTs, gate current of JFETs, and drain current of MOSFETs from milliseconds to many hours. In BJTs and MOSFETs there is a strong dependence of the characteristic times on bias and temperature. Because of the dependence of the effective bias on the temperature it requires very detailed multiparameter studies to separate the temperature effects which are independent of the bias.
Do Experimental techniques
In most of our work we have used a sampling waveform recording equipment with a sampling period variable from 1/10 s up to values limited solely by the available experimental time. The shortest characteristic time in our studies is therefore about 1 s. Although noise measurements show that characteristic times down to microseconds do exist it will be shown in Sec. VI that these cannot be observed above thermal noise in most situations. We have studied characteristic times up to many hundreds of seconds as a function of many parameters in support of our model. In a few experiments we have observed characteristic times of about 20 h.
The device current is averaged for a time up to the sampling period in order to minimize noise. The bias conditions and sample temperature can be automatically cycled with high precision and the importance of these facilities will be evident from the data presented later. Amplifiers and their power supplies were thoroughly checked to ensure that they did not generate significant RTS wavefonns. The amplifiers have a fiat response from de to a few kHz. Automatic adjust-ment of de offset and amplifier gain are carried out prior to recording the waveform for each set of parameters since the mean current and the R TS amplitude can vary over many decades during a cycled multiparameter experiment. The amplitude resolution of the sample is 1 in 10 5 and RTS wave~ forms with an amplitude as small as 1/500 of the mean cur~ rent can be recorded, Unattended runs lasting many days were necessary to obtain quantitative data on the dependence of the character~ istic times on the various parameters. Even with these long runs the standard deviations of our measurements of mean transition times ranged from 10% to 25%. Owing to the strong dependence of the R TS characteristics on the temperature and bias the choice of conditions which give clear single RTS waveforms for quantitative studies requires many exploratory runs.
The need to carry out exploratory recordings before committing the system to obtain quantitative data can be appreciated by studying the recording in Fig. 1 of the drain current waveform of a small MOSFET. This recording was preceded by a few minutes of visual observation in order to select parameters which gave detectable R TS modulation. It is seen that there is a superposition of two different R TS waveforms with similar amplitudes. One of them has nearly equal t hand t f of a few seconds while the other has unequal times of hundreds of seconds. Since the two R TS currents will vary independently with bias there are numerous possibilities for misleading results when computing the mean transition times. Our computations presented in Sec. VI and most ofthe illustrations were obtained from selected recordings which have a single dominant R TS current. Figure 2 shows the gate leakage current waveforms in a small JFET, with the source and drain connected together, at two bias voltages at a fixed temperature, This strong de~ pendence of the two characteristic times on a bias voltage is found only in a few cases of reverse biased diodes. Figure 3 shows the recordings of the drain current of a MOSFET with a gate width of 1.5 !tm at a fixed temperature and drain voltage and at three gate voltages, The increase in drain current with gate voltage is as expected for these subthreshold conditions. The values of th and tl are seen to change with gate voltage in opposite directions. This behavior is seen in most of our recordings on MOSFETs, Figure 4 shows the effect of source voltage with fixed gate bias and temperature in the same MOSFET. Again there is a change in the values of til and t, similar to that due to changes in gate voltage. This type of behavior is also com~ monly seen.
E. Some results
The effect of temperature on the R TS waveform in the same MOSFET, with the bias voltages fixed at values which make th and tl nearly equal at a temperature of 280 K, is shown in Fig, 5 . It is seen that th and t, change in the same direction with temperature, This is found to be true in aU recordings even when th and t[ are widely different.
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III. THE PHYSICAL MODEL
Ramo's theorem 16 states that the current induced into an electrode by an electron moving in its electric field is given by
where q is the electronic charge, E is the incremental electric field per volt due to that electrode at the point occupied by the charge, and u is the component of the velocity of the electron in the direction of the field. This is valid for any number of electrodes and irrespective of whether there is charge neutrality or space charge l 7-lQ at the point under consideration.
Two simple geometries give an interesting result. The first is an FET with a long channel at low drain voltage where, using the gradual channel approximation. we obtain dl=quIL, where L is the channel length. A similar result is obtained 17 for a lightly doped reverse biased planar diode where L is now the width of the depletion region. The essence of the physical model for RTS current modulation due to charge state transitions at a trap is that the mean charge density is unaltered, over distances greater than the screening length, when the charge is trapped. However, the current to the biasing electrode changes in the dielectric relaxation time by the magnitude given by Eq. (1) where u is taken to be the drift velocity. The current is restored to its original value when the charge is released. The lower-current state corresponds to the more negative charge state of the trap in an n-channel FET and to the more positive charge state in ap-channel FET. The dwell times t/ and th are determined by the characteristics of the trap, the local charge environment, and temperature as discussed in the following section.
IV. TRANSITIONS OF CHARGE STATE AT TRAPS
The traps can be grouped into three categories according to the different physical processes involved in the capture and release of charge. They are (a) traps in the silicon, (b) traps at the oxide interface, usually caned interface states, and (c) traps within the oxide.
A. Traps in silicon
Each trap in silicon has a discrete energy level and there are about a score of types of traps which are relevant. The change of charge state can take place due to capture or emission of either type of carrier. The characteristic time for emission of an electron or a hole is
where E t is the energy level of the trap in relation to the conduction-or valence-band edge, respectively, N is the density of states in that band, Ii is the thermal velocity, and cis the capture cross section. The mean capture time for electrons or holes is tc = 1!nvc, (4) where n is the concentration of electrons or holes, respectively, in the vicinity of the trap.
Since the capture of an electron or the emission of a hole produce the same change of charge state, the characteristic time t for this change is given by
where I j is the characteristic time for capture of an electron and t2 is the characteristic time for emission of a hole. In many situations one of these processes will dominate except at or dose to a junction or the edge of a channel of an FET where very large changes in free-carrier densities, and therefore in the capture times, can be achieved by changes of bias of tens of m V. A similar argument applies to the change of charge state in the opposite direction.
B. Traps In the oxide and at the interface
According to the conventional model the traps at the interface have a continuum of energy levels from one band edge to the other. An individual interface trap behaves in a manner identical to a trap in the silicon with emission times appropriate to its energy level and capture times determined by the electron and hole densities in the adjacent silicon.
The use ofEq. (4) when spherical symmetry around the trap cannot be assumed needs further study. In the case of an MOS interface n varies by many orders of magnitude within a distance of a few Debye lengths Ld from the interface. Similarly the component of v normal to the interface, which is an equally important parameter determining the success rate of attempts to reach the trap, varies from nearly zero to the thermal velocity in a similar distance. Since It and u appear as a product in Eq. (4) we shall simply assume that the thermal velocity is used for !J but an average value over a depth of a multiple of Ld is used for n. The choice of this multiple of Ld is crucial since the average of the majorityand minority-carrier concentrations have vastly different sensitivities to this factor. The large differences between the classical solution and the self-consistent quantum mechanical calculations 2 ! for the spatial distribution of these parameters over distances of a few nm from the interface can then bei.gnored.
We now consider those oxide traps which are accessible to carriers from an adjacent silicon region by tunneling. The characteristic time for electron tunneling is t, = exp(2Ky)/4nvc, (6) where y is the distance from the trap to the Si interface, (7) m is the electron mass, Eo is the height of the oxide potential barrier, and h is the reduced Planck's constant, We shaH again assume that n is the average over a depth Ld into the Si. A similar expression applies to tunneling of holes.
It is seen that the characteristic time decreases rapidly with y. It reaches the value given by Eq. (4) for y = Yo = In( 4 )/2K, which is somewhat less than the lattice dimension. Interface traps can be defined as those oxide traps lying at a depth less than Yo which therefore also possess emission characteristics given by Eq. (3). We shall use Eq. (6) for capture times at all oxide traps including interface states.
v. CURRENT MODULATION DUE TO CHARGE STATE TRANSITIONS AT A TRAP A. Field~effect transistors
Let us first consider the effect of the location of a trap in the Si in the direction normal to the channel on the amplitude ofRTS. As an extension to the use of Ramo's theorem for calculating R TS amplitudes in field-effect transistors we propose that Eq. (2) is modified for traps in the depletion or Debye (transition) region to the general form dl=Mqu/L, (8) where M is the ratio of the image charge in the channel to that in all other conducting regions combined due to the fixed charge at the trap and u is the average drift velocity of carriers in the region of the image charge in the channel.
Clearly M = 1 when the trap is within a highly conducting channel and very nearly equal to 1 when it is in the Dcbye region adjacent to the channel. When the trap is in the depletion region M will be reduced as the distance to the channel increases and will become zero when the trap is in close proximity to the gate or substrate.
The amplitude will also depend on the location of the trap in the source-drain direction, increasing smoothly as the trap location moves from source to drain, owing to the variation in u. As the drain voltage is increased from very small values the amplitUde for every trap location will increase until carrier velocity saturation takes place near the drain. The maximum amplitude in this case, due to a trap located in the pinched-down region of the channel, will be approximately qv/L where v is the thermal velocity, At norma! temperatures the characteristic times for changes of charge state at traps in the channel wiU be dominated by capture of the majority carriers alternating with thermal emission of that type of carrier. The traps that will be most active at any temperature will have an appropriate energy level in the conduction half of the band in n-ehannel JFETs. It isreadily seen from Eqs~ (3) and (4) that the other two possible routes for change of charge state will be less significant for defects of any energy level.
The mean capture time of a majority carrier at a trap in the channel according to Eq, (4), assuming n = lO!I\/cm\ v = 10 7 em/s, and c = 10--14 cm 2 , will be of the order of nanoseconds, The R TS current will consist of extremely short pulses occurring at a mean rate determined by the emission time given by Eq. (3). These pulses will therefore be impossi.ble to detect above thermal noise.
Traps located in the fully depleted region between the gate and the channel will undergo changes of charge state only by alternate emission of electrons and holes since the capture processes will be insignificant owing to the dearth of free carriers. R TS currents due to such traps can have neady equal values ofth and ti' for the most favorable conditions of observation, only when the energy level is very dose to midband and the temperatures are near or above room temperature, The traps must also occupy positions close to the channel at the drain end in order to maximize dI as given by Eq.
( 8). Owing to these restrictions RTS due to such traps are rarely detected. The most important trap sites which generate observable RTS currents at the lower temperatures are those located in the Debye region at the boundary of the channel. lfthe local free-carrier density is of such a value that the capture time is comparable to the emission time the RTS waveform will be within normal observation times. The carrier densities of interest range from 10 7 /cm 3 to lOll/em' which will
give capture times ranging from 1 s to 100 ?Is. For normal doping levels this corresponds to a distance of about 2Ld in a direction normal to the channel boundary, where Ld is the Debye length. A change of gate voltage of about 0.5 V will be required to move the edge of the conducting channel by this amount in a typical JFET. Figure 6 shows the effect of gate bias at a fixed temperature on RTS drain current in a small JFET. The waveforms show the presence of two active traps at the higher bias but only one at the lower bias. The characteristic time th in the hi.gher-current state is shorter at the lower bias since the carrier density is higher at the trap. The characteristic time tl is independent of bias since it is detennined by the emission characteristics ofthe trap. Such results and associated noise measurements on small-area JFETs confirmed a complete model for LF noise in JFETs8 based on RTS drain current modulations.
B. MOSFETs
Coordinate axes for MOSFETs will use x for the direction of current flow, y for the direction normal to the interfacial plane, and z for the channel width direction. The origin will be at a point where the metallurgical source substrate junction meets the oxide interface, positive x in the direction of the substrate, and positive y into the oxide.
The amplitude ofthe RTS drain current in a MOSFET in strong inversion will be identical to that in a JFET of the same gate length for the same position ofthe trap relative to the channel. Traps in the oxide or at the interface wiH give an amplitude which is also given by Eq. (8) where (9) tox is the oxide thickness andy is the distance of the trap from the silicon interface. From Eq. (6) the maximum value of y will be less than 2 nrn for the longest characteristic time of interest. M is therefore very close to unity for oxide thicknesses much greater than 2 nm.
In weak inversion the channel is not opaque to fields between the substrate and gate. Then the image of a charge trapped in or near the channel resides partly on one Of both of these electrodes. A special case is that of a trap situated at a point where the absolute magnitudes of x and yare very small. A MOSFET in weak inversion can be described as an emitter situated close to the line x = y = 0 with a width equal to the gate width Wand an average depth less than a screening length L, in the negative y direction. We use the symbol L, to emphasize the difference between this local screening length and the extrinsic or intrinsic Debye lengths 
where I is the mean drain current. The linear increase in amplitude with mean current will be maintained until the onset of strong inversion. At very low source-drain voltages the high fields are still concentrated around the junctions even in strong inversion owing to the built-in field. Consequently the most important region for RTS is also within a distance of about L, of a junction. We shall assume that the amplitude is given by Eq. (10) with increasing current until it saturates at the value given by Eq. (l) or (2).
c. Junction devices
In forward biased devices, traps in transition regions of the junction are most important for the same reasons as described above for MOSFETs. Extending those arguments it is proposed that the amplitude of the RTS current due to traps in these regions of a planar junction with uniform CUfrent density over its area is dI=L/I lA, (11 ) where A is the junction area. Clearl.y this is a small fraction of I for most junctions.
An interesting case is that of a forward biased junction with a boundary at the surface of the Si in which doping profiles are such that virtually all the current flows at the surface at low bias. This junction is identical to the MOS-PET source in weak inversion and the amplitude for a trap in the transition region at the surface is given by Eq. (10) where W is now the peripheral length of the junction at the surface. This will clearly give more favorable conditions for detecting the R TS modulation for any size of device for a fixed trap density. The bipolar transistor under "nonideal" low-current conditions is an important example. The modulation of the emitter current will be given by Eq. (10) but it would be difficult to estimate the effective h fe for the region around the trap and hence the amplitude of the RTS base current.
Junctions with large reverse bias are different from those with forward bias or small reverse bias in one important respect. With ideal structures, the electron and hole densities are never of similar magnitudes in any part of the device except in fully depleted regions where they are zero. Owing to the poor understanding of the mechanisms for current generation and the spatial nonuniformities in the current flow, we shaH not attempt to formulate the behavior of these devices. Under favorable conditions RTS amplitudes given by Eq. (10) may be expected.
VI. VALIDATION OF THE PHYSICAL MODEL
OUf RTS data has been acquired over a total recording time in excess of 8000 h during the last 7 years. Approximately equal amounts of data on JFETs and MOSFETs have been accumulated. As explained in Sec. n only a very small fraction of the data is suitable for checking the quantitative predictions ofthe model. In this section we shall review some of the results presented in Sec. II and recent experiments to validate the physical model. The emphasis will be on the dependence of R TS characteristics on parameters such as device type and size and operating conditions such as bias and temperature.
A. Limits of detection
The lower limit of detection of R TS waveforms can be estimated from the background noise and the required bandwidth dictated by the expected characteristic times, We shall assume that we require a minimum bandwidth of about 101 t where t is the shorter of the two characteristic times. Although this bandwidth may be adequate to detect the presence of anR TS waveform by correlation techniques it would be grossly inadequate to study the distribution of t. The smallest detectable R TS amplitude dl o in the presence of a noise current In (rms) per unit bandwidth will be about five times the rms noise, giving (12) The background noise will have three important components. There will be a noise current Id due to the device. Two further noise sources are introduced by the resistor R used to convert the R TS current to a voltage signal. Firstly there is the thermal noise of the resistor which is equivalent to a noise current I, given by
There wiH also be a noise current Ii due to the flow of the will have a power spectrum proportionai to the current and to 1// Let us use approximate expressions for the thermal or shot noise of the device as a function of operating conditions. We can then assume that the noise current in a dinde, BIT, or a MOSFET in weak inversion is given by
The thermal noise of the resistor will be negligible compared to the device noise if IR >-2kT I q. This condition corresponds to the de voltage developed across the resistor by the mean device current being much greater than 50 m Vat room temperature. Extremely large values of R are not used for two reasons. The values of R to satisfy this condition for mean currents of a few fA are not readily available and the noise in these resistors due to the mean current flowing through them may become dominant. In our experiments we usually restrict JR to values between about 2 and 20 times kT I q in order to avoid these problems. In the foHowing discussions we shall neglect the noise components due to the resistor.
For a diode, BlT, or a MOSFET in weak inversion we then have (15) This explains why RTS waveforms are in general more easily observed at low currents and long characteristic times. From Eqs. (10) and (14) we find that the ratio ofRTS amplitUde to current noise increases with current. From Eqs. (10) and (15) we derive the minimum mean current [min at which RTS can be observed: (16) Ls in Eqs. (10) and (16) is the value appropriate to the trap position very dose to the junction. If the junction has a sman forward or reverse bias the value of Ls will be only slightly higher than the extrinsic Debye length L d • For a junction with a large reverse bias the appropriate value of L,v could be orders of magnitude greater. This is confirmed by the numerous dean RTS waveforms which have been observed at mean currents much less than those expected trom using Ld corresponding to the lightly doped side of the junction in Eq. ( 16). An example of a very small amplitUde R TS is found in Fig. 2 which shows the waveform in the gate current of a JFET with a gate width of 100 p.m. Other causes of unexpectedly large amplitUdes such a'> uncertainties in the effective width Wand device processing anomalies are beyond the scope of this paper.
The thermal noise in the drain current of a JFET is approximately given by
where g is the transconductance. The thermal noise of the load resistor R will be negligible in this case if gR >-1. Assuming this condition we have from Eqs. (12) and (17) dl o = (1000kTglt) liZ.
(18) Figure 7 is the R TS drain current in a JFET with characteristic times ofabont 1 mS using a recording bandwidth of 10 
B. Discovery rate
Let us first consider drain current R TS in JFETs. According to our model the volume of the silicon in which traps will produce large amplitude RTS is a region with a thickness Ls adjacent to the pinched down region ofthe channel.
This has a volume WLsLx where Lx, the length of the pinched-down region, will depend on the drain voltage. If we assume that Ls = 40 nm, Lx = 500 nm, the effective volume for a JFETwith a gate width of 0.1 mm is 2 X 10 9 nrn 3 • Defining the threshold trap density Nt as that giving an average of one active trap in a device for a fixed operating condition we obtain N, = 5 X 101Icm -3 for this JFET. This defect density is below the limits of detectability of diagnostic techniques such as DLTS assuming that the channel doping density has the typical value of 10 16 cm--3 • Measurements of low-frequency (LF) noise peaks as a function of gate bias 12 and the present RTS studies indicate that the trap density is about 1011 em -3 in many low-noise JFETs. We have found that R TS and noise measurements provide a good method for obtaining defect characteristics at such low densities. The energy levels of some commonly occurring defects derived from studies of LF noise in JFETs with gate widths up to 0.5 mm have been reported. 23 Traps in the oxide are the dominant sources of R TS in most enhancement mode MOSFETs. RTS currents due to bulk traps in the Si are only seen in MOSFETs when annealing of implantation damage in the Si is incomplete. If the MOSFET is biased to strong inversion with a drain voltage > k T I q, the oxide traps below the whole of the gate area will experience such high carrier densities in the adjacent Si that there will be a continuum of characteristic times from nanoseconds to seconds. The number of these pulses win be so large even in small-area devices that separating the effects of individual traps from the continuum will be impossible. These conditions give a 1/fnoise spectrum. At very low drain voltage the effective volume for active traps is reduced to the region around the junctions. These regions, in the oxide or Si, will cover an area Ls W in the interfacial plane and the threshold area trap density is then lILs W. Let us assume that all traps in the oxide have an areal density of 10 10 cm--2 and that Ls is 40 nm. The model predicts that there will be only a single active trap, on the average, in a MOSFET with a gate width of2S0 nm. This is in agreement with most observations. It may be noted that a JFET with a gate width nearly 1000 times as great will yield a similar discovery rate due to traps in the Si. The above assumptions will be discussed in detail under characteristic times. The R TS discovery rate in diodes, BJTs, and gate currents in JFETs varies widely and is not in line with predictions from the simple modeL c. Amplitudes
In the case of JFETs the amplitude is given by Eg. (2). Since it is impossible to identify the exact location ofindividuaI traps in the source-drain direction it is impossible to predict the pertinent value of u and hence the expected RTS amplitude for each trap. However, the maximum possible amplitude for any trap is qv/L which is dependent only on channel length and temperature for any bias condition. We have observed a wide range of amplitudes at any fixed temperature but none greater than this value. Values of about 0.8 qulL have been measured at 90 K. At 160 K the maximum recorded amplitude for devices with an estimated channel length of 51tm was 2.5 nA, which compares with a value of 3.5 nA derived from the above expression. In our studies of JFETs with gate widths ranging from 100 to 800 pm the maximum amplitudes were independent of gate width and bias at sufficiently high drain voltage.
We have found a wide range of R TS amplitudes in junc-tion devices and confirmation of the model is found in the foHowing respects: (a) With constant bias the ratio dI /1 is often found to be almost independent of temperature over the range 230 K-280 K for forward or reverse bias.
(b) At a fixed temperature dI/ lis independent of bias over a wide range. In forward bias it remained constant over many decades of mean current as reported also by other observers. 4 ,13 (c) The maximum amplitUde never exceeded that expected from Eq. (2) using simple depletion width approximations. For a depletion width of 100 nm in a forward biased junction and a carrier drift velocity of 10 7 cmls we calculate a dIof 160 nA whereas the maximum observed value is 100 nA.
The most reliable and detailed confirmation of the predictions of amplitUde were obtained with MOSFETs in weak inversion. It may be noted that aU the waveforms in Figs range 0.7-3 !tm agree with the value expected from Eq. ( 10). We have also found that, as in JFETs, the saturation value of dI is in good agreement with Eq. (2) for channel lengths up to 5 p,m.
D. Characteristic times
Most of this subsection will be devoted to an analysis of characteristic times in MOSFETs. It has been reported'>·24 that the dependence of th and tl on temperature in MOSPETs indicates a thermally activated process with di.fferent activation energies for til and fl ' The energies and capture cross sections were found to be in a wide range and, in many instances, a function of gate bias. Those papers do not report on the effect of source or drain voltage on the characteristic times. As expected from the model we find that these voltages play equally important parts as the gate voltage as seen in Figs. 3 and 4 . For each situation it is necessary to ascertain which physical processes discussed in Sec. IV determine characteristic times.
Let us first examine the role of emission assuming the validity of Eq. (3). Using the conventional model, those interface states which are at midband will have the largest nearly equal values of t, and til ' The emission times will be about 9 ms at 300 K rising to 0.7 sat 250 K assuming capture cross sections of 10-15 cm-2. We conclude that the characteristic times from 1s to many hundreds of seconds found by most observers cannot be determined by emission unless we assume very small capture cross sections. The shorter characteristic times due to emission can be observed by using appropriate bandwidths but they will have a poor RTS signal-to-noise ratio.
A compelling reason for assuming that only capture processes are important is the observed dependence of t I and th on gate and source-drain bias. For low source-drain voltages in weak inversion, t/ and th will be nearly equal if the oxide trap is close to the metallurgical junction (x slightly positive), neglecting the differences in capture cross sections and effective masses of electrons and holes, since the average hole and electron concentrations as defined in Sec. IV will be equal. If the value of x at the trap is more negative, tl will decrease at the expense of t h, whereas for more positive values of x, t/ will increase and til will decrease. Most of our experiments show that th and tl change in opposite directions as a function of gate or source-drain voltage as in Figs. 3 and 4. Ralls et aC observed similar effects as a function of gate voltage. We conclude that the changes of charge state in these situations have characteristic times determined by Eq.
( 6).
Let us consider the effect of variations in y. From Eq . ( 6) we find that the characteristic time increases by a factor of 14 000 when the depth of the trap increases by 0.5 nm. The range of characteristic times studied by aU observers is about this magnitude indicating that the traps of interest lie within an oxide thickness of about 0.5 nm. It has been reported that analysis of noise measurements using McWhorter's model yielded 14 a volumetric trap density of about 10 17 cm--3 in the oxide for a range of MOSFETs. The equivalent areal density of the traps in 0.5 nm is then 5 Xl 0 9 cm -2 which is nearly equal to the areal density of conventionally defined interface states over the whole of the band gap, From Eq. (6) The good agreement with the model and a possible error at high source-drain voltage noted above suggested an experiment using forward bias between the substrate and the source and drain. The drain-source voltage of this n~channel MOSFET was kept at + 20 mV but the substrate-source voltage was slowly increased from 0 to + 0.45 V while the gate bias was reduced to maintain similar drain currents. The R TS was kept under constant observation in order to be certain that it was due to the same trap. At this forward bias voltage there is no significant current to the substrate. The characteristic times of the R TS were studied for gate voltage from + 0.4 to + 0.5 V corresponding to drain currents in the range O. 5-9 nA, with the temperature also as a variable in the range 236-256 K It will be noted that the surface poten~ tial under the gate is much lower than that at the onset of weak inversion. The activation energy of (t h t/ ) 112 was again found to be that of n;. However, the values tht/ were nearly two orders of magnitude less than those with 0 V on the substrate for the same temperature. We ascribe this to the higher value of n n n p at the increased forward bias. The low value of the product cannot be ascribed to a reduced value of C for this trap since C can only have values greater than 1.
VII. ANOMALIES
We have found satisfactory explanations of most of the observed R TS characteristics based on the physical models presented in this paper. There are some anomalous phenomena described in this section which are not fully understood,
The discovery rate and amplitudes ofRTS in gate currents of JFETs is one example. There is good evidence that both of these are strong functions of the device geometry and the detailed layout. Large variations in these characteristics between nominally similar devices from different manufacturers have been observed. Particularly significant are the wide range of values of dIll from less than 0.0001, which is permitted in our model, to almost I as in Fig. 2 , which is not possible from the simple interpretation ofthe model. An explanation is the roughness in the edges which define the separation between the gate and the source or drain at the surface leading to current crowding.
Unusual RTS waveforms with a correlation between the occupancies of charge states at different traps were first reported by KnottS in bipolar transistors, by Rogers, Farmer, and Buhrman 2u in tunnel junctions using amorphous Nb 2 Os and by Dren, Kirton, and Collins 26 in MOSFETs, There are various explanations for complex behavior of traps from the Anderson negative-U effect 27 to simple coulombic shielding. An example of very complex correlated RTS in the base current of a BIT is shown in Fig, 11 (a) . This device also showed extremely long memory effects with very large changes in the R TS characteristics after cycling of bias and! or temperature. The characteristics changed from that in Fig. 11 (a) in October 1984 to those in Figs. !l(b) and liCc) in July 1988. A large permanent change in bias for the same emitter current was also observed at the same time as the change in R TS characteristics. In the interim period there were other major changes. We have not been able to determine the reasons for the ageing effect. The most important aspect of the waveforms in Fig. 11 is that the amplitude differences between the various levels are not identical.
The amplitudes ofRTS due to two traps in a MOSFET will. be identical if they lie in precisely the same x coordinate even though widely separated along the width of the channel. Correlation will be found if the traps are well within a screening length in the direction of the width of the channel. It is necessary to distinguish between the two situations (a) when one trap is acceptor type and the other is donor type and (b) when both are of the same type. In situation (b) coulombic effects will result in only two charge states for the pair of traps with a charged state of + or -one electronic charge of one or the other of the traps and a neutral state for the larger part of the observations.
The resulting R TS waveform will have the characteristics of only two current states but alternating between two pairs of characteristic times as in Fig, 1 
VII!. CONCLUSIONS
The physical model describes the mechanisms for gener~ ation ofRTS currents and predicts the discovery rates, amplitudes, and characteristic times as a function of device type, geometry, and operating conditions. All published work and our studies, particularly relating to MOSFETs, confirm the model in detail. We have not found experimental evidence in conflict with any major aspect of the model. The explanations of a few anomalous results require more detailed investigation,
The localization of active traps in MOSFETs in weak inversion to a small region close to the source or drainjunction has been funy established. It has been proved that the observed temperature dependence of characteristic times in excess of about 1 s at about room temperature is entirely due to the effect of the intrinsic carrier density on the capture times at traps insi.de the oxide. The activation energy agrees with the predictions.
A full calculation of noise in MOSFETs, both depletion and enhancement mode and over a wide range of operating conditions, based on the McWhorter model using the physical model proved in this paper is now feasible.
Although the experimental results are solely concerned with Si devices the model can be applied with little change to a wide range of semiconductor devices. Emitters incorporating tunneling junctions and quantum well devices are likely to provide some interesting data relevant to some of the proposals in this paper. The concepts of screening length and effective carrier density for capture processes where spherical symmetry does not apply require further study.
